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I n t e r e s t  i n  water  resources  systems has  been 
a c r i t i c a l  p a r t  of r e sou rces  and environment re- 
l a t e d  r e s e a r c h  a t  IIASA s i n c e  i t s  i ncep t ion .  A s  
demands f o r  water  i n c r e a s e  r e l a t i v e  t o  supply,  
t h e  i n t e n s i t y  and e f f i c i e n c y  of water  r e sou rces  
management must be developed f u r t h e r .  This  i n  
t u r n  r e q u i r e s  an i n c r e a s e  i n  t h e  degree  of d e t a i l  
and s o p h i s t i c a t i o n  of t h e  a n a l y s i s ,  i nc lud ing  
economic, s o c i a l  and environmental  e v a l u a t i o n  of 
water  r e sou rces  development a l t e r n a t i v e s  a ided  by 
a p p l i c a t i o n  of mathematical  modell ing t echn iques ,  
t o  gene ra t e  i n p u t s  f o r  p lanning,  des ign  and 
o p e r a t i o n a l  d e c i s i o n s .  
I n  t h e  y e a r s  of 1976 and 1977 IIASA has  
i n i t i a t e d  a concent ra ted  r e sea rch  e f f o r t  focus ing  
on m o d e l l i n g  and f o r e c a s t i n g  o f  w a t e r  demands.  
Our i n t e r e s t  i n  water  demands der ived  i t s e l f  from 
t h e  g e n e r a l l y  accepted r e a l i z a t i o n  t h a t  t h e s e  
fundamental a s p e c t s  of water  r e sou rces  management 
have n o t  been given due cons ide ra t ion  i n  t h e  p a s t .  
Th i s  paper ,  t h e  second i n  t h e  ILASA water 
demand s e r i e s  and undertaken a t  IIASA i n  co l l abo r -  
a t i o n  wi th  t h e  Bulgar ian Minis t ry  of Agr i cu l tu re  
and Food InZus t ry  r e f l e c t s  our  d e s i r e  t o  demonstra te  
t h e  a p p l i c a b i l i t y  of t h e  r e s u l t s  from our s t u d i e s  
on water demand modell ing and f o r e c a s t i n g .  
The r e s u l t s  p resen ted  i n  t h i s  r e p o r t  a r e  of 
a p re l iminary  na tu re -  and can on ly  be i n t e r p r e t e d  
wi th in  t h e  l i m i t a t i o n s  of t h e  model 's  o b j e c t i v e  
and inpu t  d a t a .  S ince  t h i s  o b j e c t i v e  and t h e s e  
d a t a  may no t  be f u l l y  r e f l e c t i v e  of a c t u a l  con- 
d i t i o n s  i n  t h e  ~ i ' l i s t r a  r eg ion ,  t h e  r e s u l t s  of 
t h e  model should no t  be taken  a s  s p e c i f i c  p o l i c y  
recommendations f o r  t h e  development of t h i s  reg ion .  
D r .  Janusz Kindler  
Task Leader 

ABSTRACT 
Preliminary results of the Silistra Water for 
Irrigation Model (SWIM) for determining agricultural 
iater.demanas in the Silistra region of Bulgaria are 
presented. For various areas of irrigated and non- 
irrigated land, and various volumes of water supply, 
SWIM uses linear programming to select the optimal 
combination of crop areas and production inputs so as 
to maximize annual net benefits from crop production 
in excess of target production quantities of each crop. 
Both normal and dry weather conditions are examined. 
The region's import-export balance is investigated 
for areas of irrigated land between 10,000 and 50,000 
hectares and it is shown that total costs of crop 
production are minimized when the region is just 
self-sufficient in crop production. By means of demand 
curves it is demonstrated that the marginal values of 
land and water for irrigation are greater than their 
unit costs of development so that it is optimal to 
develop irrigation to the maximum area considered by 
the model. 
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1 . INTRODUCTION 
The S i l i s t r a  r eg ion  having a  popula t ion  of 200,000 and 
2 
cover ing  a  t e r r i t o r y  of about 2700 km , i s  s i t u a t e d  i n  t h e  
no r th -eas t e rn  p a r t  of Bulgar ia .  The a g r i c u l t u r a l  a c t i v i t i e s  
i n  t h e  reg ion  a r e  concent ra ted  i n  a  l a r g e  a g r o - i n d u s t r i a l  
complex c a l l e d  Drus ta r .  The term a g r o - i n d u s t r i a l  complex 
means tha t  a l l  i n d i v i d u a l  e n t e r p r i s e s  d e a l i n g  wi th  c rop  pro- 
duc t ion  and i t ' s  processimg as we l l  a s  w i th  l i v e s t o c k  growing 
and process ing  a r e  coord ina ted  by one a d m i n i s t r a t i v e  body. 
This  body i s  responsibl 'e  f o r  o v e r a l l  p lanning ,  deveiopment, 
and management of t h e  complex. Since t h e  complex is  develop- 
i ng  r a p i d l y ,  it is  e s s e n t i a l  t o  choose t h e  b e s t  way of 
d i r e c t i n g  f u t u r e  a g r i c u l t u r e  a c t i v i t i e s  and investments .  I n  
t h e  l i s t  of problems t o  be i n v e s t i g a t e d  i n  t h i s  r e s p e c t ,  water  
r e sou rces  appear t o  have a  key r o l e .  The reason i s  a t  l e a s t  
twofold:  
a )  a  v a s t  i r r i g a t i o n  development i s  t o  t a k e  p l a c e  i n  t h e  
coming 5-10 yea r s  t o  meet t h e  feed requirements  of meat and 
milk producing l i v e s t o c k ; ~ e n c e ,  t o  ensure  s t a b l e  a g r i c u l t u r a l  
p roduc t ion ,  a  l a r g e  r e l i a b l e  water  supply has  t o  be 
made a v a i l a b l e  i n  t h e  reg ion .  
b )  water  r e sou rces  i n  t h e  reg ion  a r e  r a t h e r  s c a r c e  being 
l i m i t e d  t o  t h e  border ing  Danube r i v e r .  No o t h e r  r i v e r s  e x i s t  
i n  t h e  reg ion .  Ground water  i s  a v a i l a b l e  only  i n  sma l l  quan- 
t i t i e s  i n  depth exceeding 400 m. which makes it an unimportant  
resource .  
TO overcome t h e s e  d i f f i c u l t i e s  i n t e n s i v e  i n v e s t i g a t i o n s  
have been c a r r i e d  o u t  i n  t h i s  r eg ion  over t h e  p a s t  few yea r s .  
A s  a  r e s u l t ,  a number of a l t e r n a t i v e s  f o r  augmenting t h e  a v a i l -  
a b l e  water  supply have been proposed. Some of them inc lude  
c o n s t r u c t i o n  of s e v e r a l  r e s e r v o i r s  i n  v a r i o u s  p a r t s  of t h e  
r eg ion ;  o t h e r s  envisage  combine use  of pumping s t a t i o n s  and 
r e s e r v o i r s ,  c o n s t r u c t i n g  long d i s t a n c e  s a n a l s  , e t c .  The 
common c h a r a c t e r i s t i c  of a l l  a l t e r n a t i v e s  i s  t h a t  f i r s t l y ,  they  
r e l y  on Danube r i v e r  water  (which i s  r e l i a b l e  b u t  water  u se  i s  re- 
s t r i c t e d  by s e v e r a l  i n t e r n a t i o n a l  agreements)and secondly,  a l l  
of t h e  a l t e r n a t i v e s  are r a t h e r  c o s t l y .  Obviously one way of 
decreasing supply cos t  would be t o  reduce ag r i cu l tu r a l  water 
demands f o r  i r r i g a t i o n  which cons t i t u t e  t he  major demand p a r t  
of t he  region keeping a t  the  same time the  production t a r g e t s  
a t  the  des i red  l eve l .  It i s  furthermore obvious t h a t  reducing 
ag r i cu l tu r a l  water demands involves addi t ional  cos t s .  The 
problem is: a r e  these  cos t s  g r ea t e r  than the  supply c o s t  and 
where is t he  point  a t  which the  water resource system i s  i n  
equilibrium, e.g. t he  point  a t  which incremental c o s t  of addi- 
t i o n a l  supply i s  equal t o  incremental benef i t  from demanded water? 
The main object ive  of the  study i s  t o  make a thorough 
ana lys i s  of f ac to r s  t h a t  influence both ag r i cu l tu r a l  water 
demands and associated ag r i cu l tu r a l  production taking i n t o  
account the  major goal of the  Drustar complex, which i s  t o  
maximize the  t o t a l  ag r i cu l tu r a l  and l ives tock production with- 
i n  t he  l imi ted  regional  resources.  In  t he  course of the  study 
we have focused the  main object ive towards providing an adequate 
answer t o  the  following questions: 
- what i s  t he  amount of crops able t o  be produced from the  
complex given various possible volumes of water supply 
within t he  cons t ra in t s  of avai lable  resources of o ther  
types: labor,  machinery, f e r t i l i z e r ,  e t c?  
- how much a rea  should be developed f o r  i r r i g a t i o n  and 
which crops should be i r r i ga t ed?  
- what i s  t h e  export-import balance i n  t he  complex i n  
case of favourable and unfavourable weather conditions? 
- what i s  t he  marginal productivi ty of water and i r r i g a t e d  
land i n  the  complex i. e .  how much would t he  benef i t  
Cor c o s t )  change i f  one addi t ional  un i t  of water o r  
i r r i g a t e d  land were provided? 
The scope of t h e  study i s  c lose ly  r e l a t ed  t o  t he  afore-  
mentioned problems. To provide an adequate answer t o  them a t  
l e a s t  three  major a c t i v i t i e s  a r e  worth modelling: feed crop 
production, non-feed crop production (tobacco, vegetables,  vine- 
yards, e t c . ) ,  and l ives tock production. Only the  f i r s t  a c t i v i t y ,  
which has the  g rea t e s t  d i r e c t  impact on water resources,  is  paid 
appropriate  a t t en t i on  i n  t he  model. The non-feed crop production 
has l e s s  impact on water resources because of small a rea  occupied 
by these  crops and less water demands (about 1 0 % )  when compared 
w i t h  f e e d  c r o p  ones .  Bu l g a r i an  s c i e n t i f i c  o r g a n i z a t i o n s  and 
IIASA have been i n t e n s i v e l y  s tudy ing  l i v e s t o c k  p roduc t i on  
( c a r t e r ,  Csak i ,  and P r o p o i ,  1977;  Propo i ,  1977)  . For t h i s  
r e a s o n  t h e  l i v e s t o c k  f e e d  r equ i r emen t s  are cons ide r ed  a s  
be ing  e x t e r n a l l y  s p e c i f i e d  i n  t h e  model. 
The model r e p o r t e d  h e r e i n  i s  a  p r e l i m i n a r y  one u s i n g  d a t a  
mainly  p rov iged  f o r  u s  i n  a  development p l a n  f o r  t h e  complex 
p r e p a r e d  f o r  t h e  Bu l g a r i an  government agency Rodopaimpex by 
t h e  c o n s u l t i n g  f i r m  Globe S e r v i c e s  ~ n t e r n a t i o n a l .  A d r a f t  of  
t h e  r e p o r t  d e s c r i b i n g  t h e  model was t r a n s l a t e d  i n t o  t h e  Bulgar ian  
language and reviewed i n  Bu lga r i a  d u r i n g  August 1 9 7 7 .  A s  a  re- 
s u l t ,  some b e t t e r  d a t a  w e r e  ob t a ined  and many s u g g e s t i o n s  
r e c e i v e d  f o r  exter,ding t h e  model s t r u c t u r e  t o  more c l o s e l y  
r e p r e s e n t  t h e  D r u s t a r  complex. On t h i s  b a s i s  a  second v e r s i o n  
of t h i s  model h a s  been developed.  S ince  t h e  l a t e r  v e r s i o n  omi t s  
some o f  t h e  f e a t u r e s  o f  t h e  e a r l i e r  one ,  w e  have dec ided  t o  
p u b l i s h  t h i s  complete d e s c r i p t i o n  of t h e  p r e l i m i n a r y  model and 
i t s  r e s u l t s  a t  t h i s  t i m e  and t o  r e p o r t  on t h e  subsequent  work 
on t h i s  model when it i s  complete.  
2 .  DESCRIPTION OF THE MODEL 
2 .1  Overview 
The - S i l i s t r a  - Water f o r  - I r r i g a t i o n  Model - ( S W I M )  has been 
developed t o  e s t ima te  t h e  amount of water needed f o r  i r r i g a t i o n  
i n  t h e  Drustar  complex. I n  t h e  conventional approach t o  
evalua t ing  these  water demands the  following method i s  usual ly  
employed: 
- t h e  a r e a  t o  be developed f o r  i r r i g a t i o n  i s  spec i f i ed ;  
- t h e  a rea  of each type of crop t o  be grown with i r r i g a t i o n  
i s  decided tak ing  i n t o  account t h e  crop production from 
non i r r iga ted  land; 
- considering t h e  weather condi t ions ,  t h e  depth of water 
which must be i r r i g a t e d  onto each crop i s  determined; 
- t h e  t o t a l  volume of water needed f o r  t h e  i r r i g a t e d  a r e a  
i s  found a s  t h e  product of t h e  depth required f o r  each 
crop and t h e  c r o p ' s  a rea ,  summed over a l l  t h e  i r r i g a t e d  
crops.  
Clear ly  t h i s  method should be appl ied  a number of t imes 
t o  e s t ima te  t h e  e f f e c t  on water demands of d i f f e r e n t  assumptions 
concerning t h e  a r e a  of land t o  be developed f o r  i r r i g a t i o n ,  
weather condi t ions ,  crop production, e t c .  
With SWIM t h e  conventional approach i s  both computerized 
and extended. One can follow the  conventional approach, i n  
which case f o r  a given a rea  of i r r i g a t e d  land S W I M  determines 
the  optimal crop d i s t r i b u t i o n  f o r  maximum production on both 
i r r i g a t e d  and non i r r iga ted  land and t h e  volume of water needed 
f o r  i r r i g a t i o n  under normal weather o r  drought condi t ions .  
However, S W I M  can a l s o  opera te  i n  t h e  opposi te  d i r e c t i o n :  f o r  
a given volume of water a v a i l a b l e ,  SWIM can determine t h e  
opt imal  crop d i s t r i b u t i o n ,  which crops a r e  i r r i g a t e d ,  and hence 
t h e  a r e a  o f  land which should be developed f o r  i r r i g a t i o n .  
Moreover, s i n c e  SWIM i s  computerized, with l i t t l e  e x t r a  c o s t  it 
can be used many t imes t o  determine t h e  optimal s o l u t i o n  f o r  
d i f f e r e n t  assumptions concerning i r r i g a t e d  land a rea ,  water 
a v a i l a b i l i t y ,  weather condi t ions ,  e t c .  
A verbal  d e s c r i p t i o n  of SWIM now follows. A d e t a i l e d  
mathematical d e s c r i p t i o n  is  given i n  Appendix 2. 
In SWIM, the crop production system of the Drustar ccn;~le:: 
is visualized as shown in figure (2.1). The system consists of 
three parts: resource inputs, crop production, and crop out- 
puts. These outputs may be used to meet the requirements of 
the population and livestock in the region, or they may be ex- 
ported to other regions within or outside the country. 
From the overall viewpoint, Drustar is an agri- 
cultural-industrial complex whose primary output is from 
animals: pigs, dairy cows, cattle, and sheep. Based on the 
necessary diets of these animals, and the number of the different 
types of animals in the complex, the total amounts of feed re- 
quired for livestock of each of the crop outputs may be calcu- 
lated and these are considered as being externally specified 
to SWIM. Likewise the requirements of the population for cooking 
oil and flour are externally specified. All of these requirements 
are met in the solutions of SWIM. Any extra production beyond 
these requirements is assumed to be sold for export at internal 
Bulgarian prices. In case of unfavourable weather, maize grain 
can be imported at a price greater than that for export (for 
example 50% ~reater) 
The objective of SWIM is to maximize the value of these 
exports minus the costs of all production, including %he costs 
of the crop outputs used within the region. All costs and prices 
are measured in Bulgarian Leva (1 Lv= 1 $US). The production 
costs are calculated in the following way. For each crop the 
basic unit of production is one hectare. The amounts of the 
input. resources of water, seeds, fertilizer, fuel, labor, and 
macl~inery needed for one hectare of crop are estimated, and 
their costs computed as the product of the amount of the re- 
source and its unit cost. All other production costs which 
are not directly connected to the input resources (such as the 
cost of storage buildings, or administration) are summed up and 
assigned to the unit hectare of each crop as a lumped cost. 
For any area of each crop the corresponding production cost can 
then be calculated. There are seven crops, see figure (2.1 ) , 
each of which may or may not be irrigated, so SWIM considers 
14 crop alternatives in all. 
INPUTS \ 
LAND 
WATER 
Seeds 
F e r t i l i z e r s  
CROP PRODUCTION OUTPUTS 
I r r i g a t e d  and Maize - g r a i n  
Non i r r i ga t ed :  
- s i l a g e  
Maize Gra in  Expo r t s  Wheat - g r a i n  
Maize S i l a g e  - b ran  
Wheat - f l o u r  
Bar ley  - g r a i n  Popu l a t i on  
Bar ley  Requirements  
Soybeans - meal 
Soybeans 
Sunflowers - o i l  
Sunf lowers  
- meal L ive s tock  
Lucerne Lucerne - hay Requirements  
I J 
SWIM determines the optimal area of each crop alternative so as to 
meet all the production requirements and maximize the objective 
previously stated. 
SWIM is formulated and solved on the computer as a linear 
program. All quantities to be optimized in SWIM are included 
as decision variables (e.g. areas of each crop, amounts of each 
resource used). These variables are interrelated through a number 
of constraint equations which express the physical limitations 
of the system (e.g. sum of all crop areas must equal the total 
area, water used cannot exceed water available). All of these 
equations are linear which means that a change in one 
variable leads to directly proportional changes in all the other 
variables related to it. SWIM currently contains 60 decision 
variables interrelated through 70 constraint equations involving 
400 data values. It has been solved more than 50 times for 
the different sets of conditions described in this report. 
In the following sections, the structure of SWIM is described 
in more detail following the scheme of Figure (2.1). In section 
(2.2) the methods of calculating the amounts of resource inputs 
and their unit costs aregiven. Section (2.3) describes the 
production schedule of field operations for each crop and their 
cost. The crop outputs are shown in detail in section (2.4). 
2.2 Input Resources 
2.2.1 Land 
There are 151 ,785 ha of arable land in the complex of which 
30,185 ha is assumed to be used for growing special crops for 
domestic consumption as follows: 
- Tobacco 5,450 ha 
- Drybeans 9,000 ha 
- Flax 2,500 ha 
- Vegetables 3,000 ha 
- Vineyards and Orcharqs 10,235 ha 
Because data on water requirements of these crops were not 
available to us, SWIM does not consider their irrigation needs. 
The remaining arable land amounts to 121,600 ha of which a small 
part (about 3000 ha) must be reserved for seed production. 
SWIM determines this seed area in its solution. 
The main soil type of the region is Chernozem (Black Earth), 
which is subject to erosion in some areas. Although there are 
natural variations in soil structure and productivity in the 
district, we have no data at present on the variation in crop 
yields for different soil types so SWIM considers the whole 
121,600 ha tobe a homogeneous block of uniform soil type and 
productivity. No costs of land are included in SWIM. Small 
amounts ofland may be needed for pasture for sheep grazing but 
these have not been included in SWIM. 
2.2.2 Water 
The Danube River is the only source of irrigation water for 
the region as there areno other significant rivers and ground- 
water is available only at great depth (400-600 metres). The 
climate is moderate with an average annual rainfall of 550 mm. 
However the summer is hot and potential evaporation exceeds 
average rainfall throughout the growing season from April 
through September, as shown in table (2.1). Thus irrigation 
is necessary to ensure consistently high crop yields. Because 
of the rolling hills, potential for erosion, and scarcity of 
water resources, sprinkler irrigation is the only application 
method being considered in the complex. Although there will 
be losses in transportation and application of the irrigation 
water we do not have sufficiently good information to include 
these losses in SWIM at the present the. Hence the volumes 
of water computed are the volumes needed to be delivered to the 
root zone of the plants. The amounts of water needed in other 
parts of the agricultural-industrial complex, such as for clean- 
ing and processing in animal production, are not considered 
separately in SWIM because it is assumed that this water will 
eventually be irrigated onto the land as a method of waste 
disposal of manure, etc. 
T a b l e  2 . 1  R a i n f a l l ,  E v a p ~ r a t i o n ,  & M o i s t u r e  D e f i c i t  
T a b l e  2.2 Depth  & P e r i o d  o f  I r r i g a t i o n  
Month R a i n f a l l  (mm) E v a p o r a t i o n  (mm) D e f i c i t  (nun) 
J a n u a r y  38  14  + 24 
F e b r u a r y  3 1 20 +11  
March 3 3 4 2 - 9 
A p r i l  43  74 -3 1 
May 52 98  -4 6 
J u n e  7 6 122 -46 
J u l y  6 5  14  1 -76 
August  3 6 1 3 5  -99 
September 4 8 9 3 -4 5 
O c t o b e r  4 4 5 4 -10 - 
November 3 4 2 7 + 7 
December 46 17  +29 
L 
Crop 
Luce rne  
Maize 
S i l a g e  
Maize 
G r a i n  
Wheat 
B a r l e y  
Soybeans 
Sunf lowers  
- 
P e r i o d  
I r r i g .  
Apr 1 5  
t o  
J u n e  30 
May 20 
t o  
Aug 30  
May 20 
t o  
Aug 30 
Apr 1 
t o  
May 30 
Apr 1 
t o  
May 30  
J u n e  1 
t o  
Aug 3 0  
J u n e  1 
t o  
j u l y  3 1  
T o t a l  
Depth 
i n  
Drought  
64 8 
408 
408 
108 
108  
276 
155 
A p r i l  May J u n e  J u l y  August  
78 231 231 - - 
- 2 2 6 6 109 143 
- 2 2 6 6 109 143 
36 54 - - - 
3 6 54 - - - 
- - 48 7 9 103  
- - 49 80 - 
T o t a l  
540 
340 
340 
90 
90 
230 
129  
The depth of wate r  needed f o r  i r r i g a t i o n  by each c rop  i s  
es t imated  where p o s s i b l e  by r e f e r e n c e  t o  Donev (1972). This  
t o t a l  depth  i s  t hen  d iv ided  i n t o  t h e  dep th  needed i n  each month 
of t h e  i r r i g a t i o n  pe r iod  i n  p ropor t ion  t o  t h e  d e f i c i t  of r a i n -  
f a l l  i n  t h a t  month. The r e s u l t s  a r e  given i n  t a b l e  ( 2 . 2 ) .  
To e s t i m a t e  t h e  c rop  water  requirements  under drought  
c o n d i t i o n s ,  a l l  t h e  i r r i g a t i o n  dep ths  a r e  a r b i t r a r i l y  i nc reased  
by 20% over  t hose  f o r  normal weather cond i t i ons .  I t  woald be 
r e l a t i v e l y  ea sy  t o  modify t h e  water  requirements  i n  SWIM t o  
r e f l e c t  t h o s e  measured i n  i n d i v i d u a l  y e a r s ,  where d a t a  a r e  
a v a i l a b l e .  
I n  a l l  c a se s  t h e  t o t a l  volume water  made a v a i l a b l e  was 
assumed t o  have a  u n i t  c o s t  f o r  pumping of 0.022 Lv/cubic 
m e t r e .  
2.2.3  Seeds 
A l l  seeds  r e q u i r e d  a r e  assumed t o  be grown w i t h i n  t h e  
complex on i r r i g a t e d  land.  SWIM computes t h e  a r e a  of land 
needed f o r  seed growing pe r  h e c t a r e  of f i e l d  c rop  produc t ion  
by d i v i d i n g  t h e  seed p l a n t i n g  r a t e  f o r  each c rop  by i t s  seed 
c rop  y i e l d  r a t e  and summing t h e  r e s u l t i n g  seed c r o p  areas. Seed 
c rop  y i e l d s  a r e  assumed t o  be t h e  same a s  t h e  i r r i g a t e d  f i e l d  
c rop  y i e l d s  i n  t h e  c a s e  of g r a i n s .  The c o s t  of seed produc t ion  
i s  as ses sed  a s  90% c u r r e n t  Bulgar ian p r i c e  p l u s  10% f o r e i g n  
import p r i c e .  This  c o s t  i nc ludes  t h e  produc t ion ,  p roces s ing ,  
and d i s t r i b u t i o n  of t h e  seed.  The d a t a  used f o r  seed p l a n t i n g  
rates,  seed c rop  y i e l d s ,  c o s t s ,  and seed a r e a ,  are g iven  i n  
t a b l e  A3.1 i n  Appendix 3. 
2.2.4 F e r t i l i z e r s  and P e s t i c i d e s  
Three n u t r i e n t s  must be suppl ied  w i t h  f e r t i l i z e r s :  n i t r o g e n ,  
phosphorus and potassium. The corresponding f e r t i l i z e r s  are 
ammonium su lpha te  (34% a c t i v e  n i t r o g e n ) ,  super  phosphate (20% 
a c t i v e  phosphorus) ,  and potassium su lpha te  (44.5% a c t i v e  
po tass ium) .  The amount of each f e r t i l i z e r  needed p e r  h e c t a r e  
. . is c a l c u l a t e d  i n  t h e  fol lowing way: f i r s t ,  t h e  amount of each 
n u t r i e n t  removed by c rop  product ion i s  es t ima ted ;  nex t ,  t o  
compute t h e  amount of n u t r i e n t s  needed t o  be a p p l i e d ,  t h e  r e -  
moval amounts a r e  modified t o  a l low f o r  a p p l i c a t i o n  l o s s e s  
and t h e  n a t u r a l  a b i l i t y  of t h e  s o i l  t o  absorb  o r  r e l e a s e  nu- 
t r i e n t s ;  f i n a l l y  t h e  amounts of f e r t i l i z e r s  r equ i r ed  a r e  found 
us ing  t h e  p ropor t ion  of a c t i v e  n u t r i e n t  i n  each.  
S W I M  c a l c u l a t e s  t h e  t o t a l  amounts of f e r t i l i z e r s  needed 
f o r  a l l  c rops .  These t o t a l  amounts must be decreased t o  a l l ow 
f o r  t h e  n u t r i e n t  va lue  of t h e  manure being suppl ied  t o  t h e  
land by i r r i g a t i n g  animal wastes .  For 1980 c o n d i t i o n s ,  t h e  
amounts of a c t i v e  nu tx- ien ts  i n  t h e  manure a r e  t aken  t o  be 2419 
t o n s  n i t rogen  ( N )  , 1738 t o n s  phosphorus (P205)  and 3086 t o n s  of 
potassium ( K 2 0 ) ;  t h e s e  amounts r e p r e s e n t  about  a  q u a r t e r  of t h e  
t o t a l  requirements  f o r  n i t rogen  and phosphorus, and h a l f  t h e  
t o t a l  requirement f o r  potassium, 
Where p o s s i b l e  t h e  f e r t i l i z e r  a p p l i c a t i o n  r a t e s  have been 
compared wi th  n a t i o n a l  average a p p l i c a t i o n  r a t e s  f o r  Bulgar ia ,  
a s  g iven i n  t h e  Bulgar ian S t a t i s t i c a l  Yearbook (1975) 
and found t o  be no t  excess ive .  Also, t h e  t o t a l  amounts of 
f e r t i l i z e r s  needed i n  t h e  complex a r e  no t  exces s ive  when com- 
pared with  t h e  t o t a l  product ion of f e r t i l i z e r s  i n  Bulgar ia .  
The f e r t i l i z e r  c o s t s  a r e  taken a s  107.10 Lv/ton f o r  
ammonium s u l p h a t e ,  58.00 Lv/ton f o r  superphosphate,  and 86.75 
Lv/ton f o r  potassium su lpha te .  A l l  d a t a  on f e r t i l i z e r  quan- 
t i t i e s  a r e  given i n  t a b l e  A3.2 i n  Appendix 3. F e r t i l i z e r  
a p p l i c a t i o n  c o s t s  a r e  g iven  t h e  produc t ion  c o s t  t a b l e s  f o r  
each c rop  i n  Appendix 4 ,  c a l c u l a t e d  a t  3  Lv/Ha pe r  t r i p  over  
t h e  f i e l d .  
A s  f a r  a s  p e s t i c i d e s  a r e  concerned,  t h e r e  a r e  t o o  many 
i n d i v i d u a l  chemicals  involved t o  make an account ing f o r  each 
one s e p a r a t e l y  a s  i s  done f o r  f e r t i l i z e r s .  I n s t ead ,  a  lumped 
c o s t  p e r  h e c t a r e  i s  s p e c i f i e d  f o r  each c rop  f o r  chemicals  and 
i s  given  i n  t h e  produc t ion  c o s t  t a b l e s  i n  Appendix 4 .  
2.2.5 Fue l  
The f u e l  needed by t h e  f i e l d  machinery i s  computed on t h e  
b a s i s  of amounts used f o r  i n d i v i d u a l  f i e l d  ope ra t ions :  plowing, 
c u l t i v a t i o n ,  p l a n t i n g ,  and ha rves t ing ,  a s  shown i n  t a b l e  A3.3 
of Appendix 3. For i r r i g a t e d  c rops ,  t h e  f u e l  u se  f o r  ha rves t -  
i ng  i s  h ighe r  t han  fo r '  n o n i r r i g a t e d  c rops  because of t h e  h ighe r  
y i e l d .  The average f u e l  consumption p e r  h e c t a r e  f o r  t r a c t o r s  
v a r i e s  from 25 t o  30 l i t r e s / h r  depending on t h e  crop.  Fuel  i s  
assumed t o  c o s t  0.072 L v / l i t r e .  
2.2.6 Labor 
The l a b o r  needed f o r  f i e l d  o p e r a t i o n s  i s  c a l c u l a t e d  on 
t h e  b a s i s  of t h e  number of hours each machine i s  i n  t h e  f i e l d ,  
assuming one o p e r a t o r  p e r  machine, as shown i n  t a b l e  A3.4 of 
Appendix 3 .  This  l a b o r  h a s  a c o s t  of 2  Lv/hour. The a d d i t i o n a l  
l a b o r  r equ i r ed  f o r  a d m i n i s t r a t i o n  and suppor t  s e r v i c e s  i s  n o t  
d i r e c t l y  computed b u t  i s  ass igned  a c o s t  of 2.82 Lv/Ha. Labor 
f o r  i r r i g a t i o n  i s  included i n  t h e  c o s t s  of i r r i g a t i o n . .  
2.2.7 Machinery 
To determine t h e  number of machines, such  as t r a c t o r s ,  
which w i l l  be needed i n  t h e  complex, t h e  cr i t ica l  per iod  i n  
t h e  schedule  of f i e l d  o p e r a t i o n s  must b e  known when a l l  of 
t h e  a v a i l a b l e  machines are being used. The schedule  of f i e l d  
o p e r a t i o n s  is  shown i n  f i g u r e  (2 .2 ) .  SWIM determines  t h e  
number of t r a c t o r s ,  combine h a r v e s t e r s ,  and s i l a g e  choppers i n  
t h e  fo l lowing  way. Allowing f o r  some l o s t  t i m e  due t o  bad 
weather du r ing  t h e  c r i t i ca l  pe r iod ,  and a 10 hour working day,  
t h e  number of working hours  i s  known. The area p e r  hour which 
a machine can  cover  i s  a l s o  known; hence, t h e  area which can  

be covered by one machine du r ing  t h e  c r i t i c a l  p e r i o d  can be 
computed, and once t h e  c r o p  d i s t r i b u t i o n  i s  f i x e d ,  t h e  number 
of  machines may be determined.  
For t r a c t o r s ,  t h e  c r i t i c a l  pe r i od  o c c u r s  d u r i n g  s p r i n g  
c u l t i v a t i o n  from 20 March t o  20 A p r i l ,  f o r  combine h a r v e s t e r s  
it o c c u r s  d u r i n g  t h e  soybean-maize h a r v e s t  from 20 September 
t o  30 October ,  and f o r  s i l a g e  choppers  it occu r s  d u r i n g  t h e  
maize s i l a g e  h a r v e s t  i n  J u l y .  
To d e t e r m i n e  t h e  nwvber of  c e n t e r - p i v o t  i r r i g a t i o n  sp r i nk -  
lers, t h e  c r i t i c a l  p e r i o d  i s  i n  June  when l u c e r n e ,  maize g r a i n ,  
maize s i l a g e ,  and soybeans cou ld  be i r r i g a t e d .  It  i s  assumed 
t h a t  ope s p r i n k l e r  can  i r r i g a t e  52 h e c t a r e s  d u r i n g  t h i s  p e r i o d ,  
s o  t h e  number o f  s p r i n k l e r s  can be found from t h e  c r o p  a r e a s .  
I n  t h e  c a s e  of wheat and b a r l e y  it i s  assumed t h a t  i f  t h e s e  
a r e  i r r i g a t e d  t h e  same s p r i n k l e r s  can  be used a s  f o r  maize g r a i n  
and s i l a g e ,  and soybeans.  I f  i n s u f f i c i e n t  s p r i n k l e r s  a r e  a v a i l -  
a b l e  t h e n  t h e y  must be purchased e s p e c i a l l y  f o r  wheat and b a r l e y .  
Likewise,  t h e  s p r i n k l e r s  needed f o r  i r r i g a t i n g  l u c e r n e  can a l s o  
be used t o  i r r i g a t e  sunf lowers .  
The c o s t s  o f  machinery o t h e r  t h a n  i r r i g a t i o n  s p r i n k l e r s  
a r e  g i ven  f o r  each  c r o p  i n  t h e  p roduc t i on  c o s t  t a b l e s  i n  
Appendix 4 .  The f i x e d  c o s t s  a r e  based on c a p i t a l  c o s t s  of  t h e  
machines,  d e p r e c i a t e d  over  t h e i r  working l i f e ;  t h e  v a r i a b l e  
c o s t s  a r e  c a l c u l a t e d  t o  account  f o r  maintenance and l u b r i c a t i o n .  
The c a p i t a l  c o s t  of  deve lop ing  i r r i g a t e d  l and  i s  t a k e n  a s  
20'00Leva/Ha, which i s  d e p r e c i a t e d  over  40 y e a r s  t o  g i v e  50 Leva/Ha 
i n  each y ea r .  The d e p r e c i a t e d  c a p i t a l  c o s t  o f  i r r i g a t i o n  sp r i nk -  
lers  i s  a l s o  t a k e n  a s  50 Leva/Ha. The v a r i a b l e  c o s t s  of  i r r i g a -  
t i o n  i n c l u d e  t h e  c o s t  of l a b o r  and maintenance of  t h e  equipment.  
2.3 Crow Produc t ion  and Outwuts 
2.3.1 P r o d u c t i o n  Cos t s  
Moving now t o  t h e  c e n t r a l  box o f  f i g u r e  ( 2 . 1 ) ,  t h e  c r o p  
p r o d u c t i o n  schedu le  and c o s t s  a r e  d e s c r i b e d .  Only one y e a r  of  
c r o p  p r o d u c t i o n  i s  co n s i de r ed .  A t  p r e s e n t ,  SWIM does  no t  ex- 
p l i c i t l y  accoun t  f o r  c r o p  r o t a t i o n  from y e a r  t o  y e a r ,  o r  double  
cropp ing  w i t h i n  one y e a r ,  b u t  t h e s e  r e f i n e m e n t s  c o u l d  be i n -  
c l u d e d  i f  n e c e s s a r y .  The s c h e d u l e  of  f i e l d  o p e r a t i o n s  f o r  a l l  
c r o p s  i s  shown i n  f i g u r e  (2.2) .  While l u c e r n e  i s  t h e  o n l y  
p e r e n n i a l  c r o p  c o n s i d e r e d ,  wheat and b a r l e y  a r e  p l a n t e d  i n  t h e  
autumn f o r  h a r v e s t  t h e  f o l l o w i n g  summer. A l l  o t h e r  c r o p s  a r e  
p l a n t e d  and h a r v e s t e d  w i t h i n  one growing s e a s o n .  The c r o p  
p r o d u c t i o n  c o s t s  p e r  h e c t a r e  f o r  e a c h  c r o p ,  b o t h  i r r i g a t e d  and 
n o n i r r i g a t e d  a r e  g iven  i n  Appendix 4 .  
Lucerne i s  assumed t o  be grown o n l y  f o r  hay and i s  r e p l a n t e d  
e v e r y  t h r e e  y e a r s .  Acccrd ing ly ,  t h e  c o s t s  a s s o c i a t e d  w i t h  p l a n t -  
i n g  have been d e p r e c i a t e d  i n  a  s t r a i g h t  l i n e  f a s h i o n  o v e r  t h i s  
p e r i o d .  No a l lowance  h a s  been made f o r  t h e  a b i l i t y  t o  supp ly  
n i t r o g e n  of  t h e  legumes, l u c e r n e  and soybeans ,  e x c e p t  t h a t  no 
n i t r o g e n  f e r t i l i z e r s  a r e  r e q u i r e d  f o r  them. Maize i s  grown 
b o t h  f o r  f o d d e r  a s  s i l a g e ,  and g r a i n .  When maize i s  h a r v e s t e d  
a s  g r a i n  it i s  assumed t h a t  t h e  s t a l k s  a r e  plowed b a c k ' i n t o  
t h e  s o i l ;  f o r  wheat and b a r l e y ,  l i k e w i s e ,  it i s  assumed t h a t  
t h e  s t r a w  i s  n o t  h a r v e s t e d .  
2.3.2 Crop Y i e l d s  
Crop y i e l d s  a r e  t h e  most s e n s i t i v e  p a r a m e t e r s  of SWIM. The 
r e l a t i o n  between c r o p  y i e l d ,  wea the r ,  and i r r i g a t i o n  i s  c e n t r a l  
t o  any a n a l y s i s  of  i r r i g a t i o n .  The y i e l d s  used i n  SWIM under 
normal wea the r  c o n d i t i o n s  are based where p o s s i b l e  on average  
y i e l d s  o b t a i n e d  i n  t h e  D r u s t a r  complex, a s  shown i n  t a b l e  ( 2 . 3 ) .  
When t h e  c r o p s  a r e  n o t  grown w i t h  i r r i g a t i o n  a t  p r e s e n t  i n  t h e  
r e g i o n ,  t h e  i n c r e a s e  i n  y i e l d  due t o  i r r i g a t i o n  c a n  o n l y  be 
assumed. For  such c r o p s ,  where no b e t t e r  d a t a  a r e  a v a i l a b l e ,  
t h e  i n c r e a s e  i n  y i e l d  t y p i c a l  f o r  B u l g a r i a  a s  a whole h a s  been 
adopted .  
I n  t h e  c a s e  of  t h e  d e c r e a s e  i n  y i e l d  i n  r e s p o n s e  t o  d r o u g h t ,  
p e r c e n t a g e s  of  d e c r e a s e  i n  y i e l d  used  w e r e  chosen a s  f o l l o w s :  
maize ,  50%; soybeans and s u n f l o w e r s ,  30%; wheat ,  b a r l e y ,  and 
l u c e r n e ,  15%.  Wheat, b a r l e y ,  and ,  l u c e r n e  a r e  more d rough t -  
r e s i s t a n t  because  t h e y  are i n  t h e  ground o v e r  t h e  w i n t e r  and 
t h e  m o i s t u r e  absorbed by t h e  s o i l  d u r i n g  t h a t  t i m e  i s  n o t  l o s t  
th rough  c u l t i v a t i o n  i n  t h e  s p r i n g .  Maize has  a l a r g e  response  
Table 2.3 Crop Yields (in Tons/Ha) 
Crop 
Lucerne 
Maize Silage 
Maize Grain 
Wheat 
Barley 
Soybeans 
Sunflowers 
Y 
Irrigated 
10.6 
50.0 
8.6 
3.7 
3.6 
2.7 
2.2 
Nonirrigated 
Drought 
5.1 
14.0 
2.35 
2.72 
2.63 
1 .05  
1.4 
Normal 
6.0 
28.0 
4.7 
3.2 
3.1 
1.5 
2.0 
to drought because it has a large amount- of vegetative growth 
and small roots. The yield of irrigated crops during drought 
is assumed not to change because the loss in rainfall is made 
up by adding 20% more irrigation water. 
2.3.3 Processing 
The crops harvested from the field can be processed into 
a number of outputs. Since the requirements for feeding live- 
stock are expressed in terms of processed outputs, SWIM has some 
processing activities included within it. The fodder crops, 
lucerne hay and maize silage are not processed off the farmland. 
Wheat may be milled for flour in which case 78% of the grain 
becomes flour and 14% becomes wheat bran which is fed to live- 
stock. Both soybeans and sunflowers are crushed and the oil is 
extracted. The residual is livestock meal which comprises 75% 
by weight of the soybean grain and 41% of the sunflowerL seeds. 
Maize and barley must be milled before being fed to pigs but 
there are no significant weight losses in this process. 
2.3.4 Requirements for Population and Livestock 
- 
The requirements of population for crop outputs are taken 
as 40,000 tons of flour and 8,400 tons of cooking oil for 1980. 
The requirements for livestock for 1980 conditions are calculated 
on the basis of the diet of each animal and the estimated number 
of animals in the complex. The numbers of animals assumed are: 
23,760 breeding sows; 434,404 pigs raised for slaughter; 24,000 
dairy cows with associated calves and heifers; and 80,000 ewes. 
The corresponding feed requirements assumed by SWIM are: 174,100 
tons of maize grain, 327,000 tons of maize silage; 37,380 tons 
of soybean or sunflower meal; 117,100 tons of lucerne hay; and 
2805 tons of wheat bran. These values for amounts of feed 
requirements can easily be changed in SWIM if necessary. It 
is assumed that 1.1 ton of barley grain can substitute for 
1 ton of maize grain. 
2.3.5 Imports and Exports 
Maximization of production is a goal of the agricultural- 
industrial complex. Once the livestock and population feed 
requirements are met, SWIM exports extra production of maize, 
wheat, and barley grain at internal Bulgarian prices of 113, 114, 
and 101 Leva/ton, respectively. In case of unfavorable weather 
conditions when the production requirements as specified in the 
previous section cannot be met, maize grain can be imported to 
the region at a price of 170 Leva/ton. 
3. RESULTS OF APPLICATION OF THE MODEL 
When the capital investment required to develop theDrustar 
agricultural-industrial complex is considered, a significant part 
of this investment must be devoted to the development of irrigated 
land and the water supply facilities needed for this irrigation. 
SWIM is applied to measure the benefits and water demands of 
various levels of irrigation development, both under normal 
weather conditions and under drought conditions. Two basic de- 
cisions are investigated: 
- How much land should be developed for irrigation? 
- How much water should be made availablefor irrigation? 
The major results of these investigations are summarized 
in this section while the details are tabulated in Appendix 1. 
3.1 Land for Irrigation 
Of the 121,600 ha of arable land considered in SWIM, 
it is expected that between 25,000 and 40,000 hectares will be 
developed for irrigation by 1980, the year for which SWIM is 
applied. The range of development from 10,000 ha to 50,000 ha 
of irrigated land is investigated in 5,000 ha steps by repet- 
itively running SWIM on the computer, with each computer run 
having a different amount of irrigated land available. All 
water needed is assumed to be available. Two series of computer 
runs were performed, one for normal weather conditions and 
another for drought weather conditions. In each run, SWIM de- 
termines the optimal crop distribution on both irrigated and 
nonirrigated land to maximize production while also meeting the 
minimum production requirements for livestock and population. 
The results for various levels of irrigated land development are 
shown in figures (3.1) to (3.8) . 
3.1 .I Water Demands - 
In figure (3.1), the volume of water needed, or water de- 
mand, for irrigation is plotted for both normal weather and 
drought conditions. For drought conditions, about 3900 cubic 
metres  p e r  h e c t a r e  (390 mm) a r e  r e q u i r e d ,  which i s  an i n c r e a s e  
of between 25% and 55% over t h e  water  demand i n  normal weather 
c o n d i t i o n s  as shown i n  f i g u r e  (3 .2 ) .  I n  SWIM, t h e  c rop  water  
requirements  are inc reased  by 2 0 %  f o r  drought  c o n d i t i o n s  and 
it appears  from f i g u r e  (3.2) t h a t  f o r  l a r g e  a r e a s  of i r r i g a t i o n  
t h e  water  demands i n c r e a s e  by a l i t t l e  more than  20%, because 
d i f f e r e n t  c rops  a r e  being i r r i g a t e d .  
3.1.2 Crop D i s t r i b u t i o n  
The d i s t r i b u t i o n  of: c rops  grown f o r  d i f f e r e n t  a r e a s  of  
i r r i g a t i o n  under normal weather and drought  c o n d i t i o n s  a r e  
shown i n  f i g u r e s  ( 3 . 3 ) ,  and ( 3 . 4 ) ,  r e s p e c t i v e l y .  I n  t h e s e  
f i g u r e s  t h e  v e r t i c a l  a x i s  r e p r e s e n t s  t h e  t o t a l  a r a b l e  l and  and 
t h e  h o r i z o n t a l  a x i s  t h e  amount of t h i s  l and  which i s  i r r i g a t e d .  
The 45' l i n e  beginning a t  t h e  o r i g i n  i s  t h e  boundary between 
i r r i g a t e d  and n o n i r r i g a t e d  land.  The area of each c rop  grown 
f o r  a  g iven  a r e a  of i r r i g a t e d  land i s  p l o t t e d  cumulat ively  i n  
a  v e r t i c a l  d i r e c t i o n ,  beginning a t  t h e  bottom wi th  t h e  seeds  
a r e a ,  which i s  always i r r i g a t e d ,  con t inu ing  wi th  t h e  i r r i g a t e d  
c rops ,  and then  t h e  n o n i r r i g a t e d  c rops .  I n  some c a s e s ,  one 
crop may be grown p a r t i a l l y  i r r i g a t e d  and p a r t i a l l y  n o n i r r i g a t e d  
e .  g.  maize s i l a g e  f o r  10,000 ha i r r i g a t e d  land  i n  f i g u r e  (3 .3)  . 
By looking from l e f t  t o  r i g h t  a c r o s s  each  f i g u r e ,  t h e  change i n  
t h e  c rop  d i s t r i b u t i o n  a s  more land i s  i r r i g a t e d  can  be observed.  
I n  normal weather cond i t i ons ,  soybeans i s  t h e  f i r s t  c rop  i r r i g a t e d ,  
fol lowed by maize g r a i n  once soybeans a r e  complete ly  i r r i g a t e d .  
A very  important  f e a t u r e  of t h e  r e s u l t s ,  which i s  t h e  sub- 
s t i t u t i o n  of water  f o r  l and ,  can be observed by comparing t h e  
t o t a l  a r e a s  of soybeans i n  f i g u r e  (3.3) f o r  10,000 and 15,000 ha 
of i r r i g a t e d  land.  These a r e a s  a r e  19925 ha and 15883 ha,  re- 
s p e c t i v e l y .  I n  bo th  c a s e s  t h e  t o t a l  p roduc t ion  i n  t o n s  of soy- 
beans i s  t h e  same bu t  because a  g r e a t e r  p ropor t ion  of  t h e  c rop  
i s  grown under i r r i g a t i o n  i n  t h e  second c a s e ,  where it g i v e s  a 
h igher  y i e l d ,  t h e  t o t a l  land a r e a  occupied by soybeans d e c r e a s e s ,  
t h u s  l eav ing  more land a v a i l a b l e  f o r  growing o t h e r  c rops  with- 
o u t  i r r i g a t i o n .  Hence water  and c a p i t a l  investment i n  i r r i g a t i o n  
a r e  being s u b s t i t u t e d  f o r  a r a b l e  l and  t o  grow t h e  same amount of 
soybeans. This i s  a key f e a t u r e  of the  opera t ion  of S W I M  and 
it under l i e s  a l l  t h e  r e s u l t s  which follow. 
By comparing f i g u r e s  (3.3) and (3.4) , it can be seen t h a t  
d i f f e r e n t  crops a r e  grown under i r r i g a t i o n  i n  drought cond i t ions  
a s  compared t o  normal weather condi t ions .  I n  a  drought ,  maize 
s i l a g e  i s  i r r i g a t e d  f i r s t  i n s t ead  of soybeans, followed by maize 
g r a i n ,  and then  soybeans f o r  l a r g e  a r e a s  of i r r i g a t e d  land.  
The reason t h a t  maize i s  i r r i g a t e d  f i r s t  i s  t h a t  t h i s  crop is  
t h e  most s e n s i t i v e  t o  drought (50% l o s s  i n  non i r r iga ted  y i e l d )  
compared with soybeans and sunflowers (30% l o s s  i n  n o n i r r i g a t e d  
y e i l d ) ,  and lucerne ,  wheat, and ba r l ey  (15% l o s s  i n  n o n i r r i g a t e d  
y i e l d ) .  The l o s s e s  i n  y i e l d  of non i r r iga ted  sunflowers,  wheat 
and lucerne  mean t h a t  l a r g e r  a r e a s  of t h e s e  crops a r e  r equ i red  
t o  grow t h e  production requirements i n  drought cond i t ions .  For 
lower i r r i g a t e d  a r e a  i n  drought cond i t ions ,  a  small  a r e a  of 
ba r l ey  i s  grown a s  a  s u b s t i t u t e  f o r  maize g r a i n  i n  feeding l i v e -  
s tock .  I n  normal weather cond i t ions ,  t h e  y i e l d  of maizek .gra in  
( 4 . 7  ton/ha) i s  much higher  than  t h a t  of ba r l ey  (3.1 tons/ha) , 
so t h a t  it i s  more product ive t o  grow maize g r a i n  than  ba r l ey ,  
and ba r l ey  does no t  appear i n  t h e  c rop  d i s t r i b u t i o n .  
3.1.3 Imports and Exports 
I f  t he  production from t h e  complex i s  not s u f f i c i e n t  t o  meet 
the  l i v e s t o c k  requirements,  SWIM may import maize g r a i n  from out- 
s i d e  t h e  complex i n  s u f f i c i e n t  q u a n t i t i e s  t o  a l low t h e  requirements 
t o  be m e t  b u t  a t  a  very high p r i c e  (170 Lv/ton compared with t h e  
normal p r i c e  113 Lv/ton). Conversely, when t h e r e  i s  a product ion 
su rp lus ,  SWIM can export  maize g r a i n ,  wheat, ba r l ey  from t h e  reg ion .  
The balance of imports and expor t s  i s  given i n  f i g u r e  (3 .5 ) ,  
which demonstrates t h a t  it r e q u i r e s  very l i t t l e  i r r i g a t i o n  (6,890 ha) 
f o r  t h e  reg ion  t o  become s e l f - s u f f i c i e n t  (no imports o r  expor t s )  i n  
normal weather cond i t ions  bu t  i n  drought cond i t ions  a  much l a r g e r  
a r e a  of i r r i g a t e d  land (32,750 ha) i s  r equ i red  t o  achieve s e l f -  
su f f i c i ency .  Figure (3.6), which has  a  r a t h e r  unusual shape, shows 
the  corresponding t o t a l  production c o s t s ,  inc luding  t h e  c o s t s  of 
imports.  Under drought cond i t ions  t h e  minimum t o t a l  c o s t s  (Lv 21.7 
mi l l ion )  a r e  a t t a i n e d  j u s t  a t  t h e  p o i n t  of s e l f - s u f f i c i e n c y .  I f  
l e s s  l and  i s  i r r i g a t e d ,  t o t a l  c o s t s  rise because of t h e  c o s t  of 
imported maize which outweighs t h e  sav ings  made by i r r i g a t i n g  
l e s s  land.  Even i f  imported maize were p r i ced  a t  t h e  expor t  
p r i c e  of 113 Lv/ton t h e  t o t a l  c o s t  would s t i l l  rise s lowly i f  
l e s s  land i s  i r r i g a t e d ,  assuming t h e  same amounts of imports  
a r e  r e a u i r e d .  
S ince  imports  a r e  no t  r equ i r ed  under normal weather con- 
d i t i o n s ,  t h e  t o t a l  c o s t  curve i s  c o n t i n u a l l y  r i s i n g  a s  more 
land i s  i r r i g a t e d  and t h e  product ion s u r p l u s  i s  exported.  
Another s t r i k i n g  f e a t u r e  of f i g u r e  (3.6) i s  t h a t  t o t a l  pro- 
duc t ion  c o s t s  a r e  very  s i m i l a r  under bo th  weather c o n d i t i o n s  
when t h e  a r e a  of i r r i g a t e d  land i s  g r e a t e r  t han  t h a t  needed f o r  
s e l f - s u f f i c i e n c y .  Of course ,  t h e  d i f f e r e n c e  i s  t h a t  i n  normal 
weather c o n d i t i o n s ,  expor t s  a r e  much l a r g e r  i n  t h i s  range of 
i r r i g a t e d  land  development. 
To determine whether it i s  economic t o  develop more irri- 
ga ted  land than  t h a t  n e e d e d t o a c h i e v e  s e l f - s u f f i c i e n c y ,  t h e  va lue  
of t h e  s u r p l u s  product ion which can be expor ted  should be com- 
pared t o  t h e  e x t r a  c o s t s  necessary  t o  produce t h i s  su rp lus .  
These e x t r a  product ion c o s t s  can be found by s u b t r a c t i n g  t h e  
t o t a l  product ion c o s t  t o a c h i e v e  s e l f - s u f f i c i e n c y  from t h e  t o t a l  
p roduc t ion  c o s t s  when more land i s  i r r i g a t e d  t o  produce expor t s .  
The n e t  va lue ,  o r  n e t  b e n e f i t ,  of e x p o r t s  i s  then  found by sub- 
t r a c t i n g  t h e s e  e x t r a  product ion c o s t s  from t h e  va lue  ~f  t h e  ex- 
p o r t s ,  and i s  p l o t t e d  i n  f i g u r e  ( 3 . 7 ) ,  which shows t h a t  t h e  n e t  
va lue  of e x p o r t s  c o n t i n u a l l y  i n c r e a s e s ,  i n  a l i n e a r  f a sh ion ,  a s  
more land  i s  i r r i g a t e d .  The b e n e f i t - c o s t  r a t i o ,  which i s  t h e  
va lue  of  e x p o r t s  d iv ided  by t h e  e x t r a  p roduc t ion  c o s t s ,  i s  
f a i r l y  c o n s t a n t  a t  2.0 f o r  normal weather c o n d i t i o n s  and 2.4 
i n  drought  cond i t i ons .  
3.1.4 Value of I r r i u a t e d  Land 
While it might be expected t h a t  t h e  c o s t  of developing 
each new u n i t  ( h e c t a r e )  of  land f o r  i r r i g a t i o n  would n o t  change 
g r e a t l y  wi th  t h e  scale of development, the va lue  of  each new 
u n i t  of i r r i g a t e d  land  might change q u i t e  cons iderab ly  wi th  t h e  
s c a l e  of development. I n t u i t i v e l y ,  it seems c l e a r  t h a t  t h e  f i r s t  
u n i t s  of i r r i g a t e d  l and  w i l l  have t h e  g r e a t e s t  v a l u e ,  a s  
measured by e x t r a  p roduc t ion ,  because t h e  c rops  g i v i n g  t h e  b e s t  
response  t o  water  can be i r r i g a t e d .  A s  more land i s  i r r i g a t e d ,  
less r e spons ive  c r o p s  a r e  inc luded  s o  t h a t  va lue  of each new 
u n i t ,  o r  marg ina l  va lue ,  of i r r i g a t e d  land d e c r e a s e s  w i th  t h e  
s c a l e  of i r r i g a t i o n  development. . (This marginal  v a l u e  i s  t h e  
shadow p r i c e  of t h e  c o n s t r a i n t  on i r r i g a t e d  l and  i n  SWIM.) 
I n  t h e  economics of supply  and demand, t h e  op t imal  s c a l e  of 
i r r i g a t e d  l and  development occurs  when t h e  c o s t  of developing 
each new u n i t  of i r r i g a t e d  l and  is  equa l  t o  t h a t  u n i t ' s  marginal  
va lue .  
F igure (3 .8)shows  t h e  demand curve f o r  i r r i g a t e d  land  which 
i s  t h e  change i n  t h e  margins1 va lue  of  i r r i g a t e d  l and  wi th  t h e  
scale of i r r i g a t e d  land development, f o r  normal weather  and 
drought  c o n d i t i o n s .  A s  expec ted ,  t h e  marginal  v a l u e  of i r r i g a t e d  
land i n  drought  c o n d i t i o n s  i s  much h igher  t han  i n  normal weather 
c o n d i t i o n s .  I n  f i g u r e  (3 .8 )  each demand curve  i s  composed of 
h o r i z o n t a l  segments, where t h e  marginal  v a l u e  does no t  change 
wi th  t h e  a r e a  of i r r i g a t e d  l and ,  and i n c l i n e d  se9ments (dashed)  
i n  which t h e r e  a r e  c o n s i d e r a b l e  d i f f e r e n c e s  i n  marginal  va lue .  
I n  t h e  s o l u t i o n s  of SWIM, t h e  h o r i z o n t a l  segments occur  when 
each new h e c t a r e  of land i s  being used t o  i r r i g a t e  t h e  same crop 
as t h e  p rev ious  h e c t a r e ,  wh i l e  t h e  i n c l i n e d  segments occur  when 
a  new crop  beg ins  t o  be i r r i g a t e d ,  o r  when s e l f - s u f f i c i e n c y  i s  
a t t a i n e d .  Actua l ly ,  i f  a l l  p o s s i b l e  a r e a s  of i r r i g a t e d  l and  
had been eva lua t ed ,  t h e  dashed segments would be v e r t i c a l ,  and 
l o c a t e d  a t  t h e  e x a c t  p o i n t  where a  new c r o p  beg ins  t o  be i r r i g a t e d .  
The c o s t  of  i r r i g a t e d  land  development of 1 0 3 . 2 5  Lv/ha, 
which is assumed i n  SWIM i s  a l s o  p l o t t e d  i n  F igu re  ( 3 . 8 ) .  S ince  
t h i s  c o s t  l i n e  always l i e s  below t h e  demand cu rves ,  it may be 
concluded t h a t  t h e  marginal  v a l u e  of i r r i g a t e d  l and  i s  always 
g r e a t e r  t h a n  t h e  u n i t  c o s t  of  developing it w i t h i n  t h e  range of 
a r e a  cons idered  and t h e  accuracy of SWIM. 
3.2 Water For I r r i q a t i o n  
I n  s e c t i o n  (3.11, t h e  a r e a  of i r r i g a t e d  land i s  considered 
a s  t h e  l i m i t i n g  resource  wi th  a l l  water  demands a b l e  t o  be m e t ;  
i n  t h i s  s e c t i o n ,  water  i s  considered a s  t h e  l i m i t i n g  resource  
wi th  up t o  40,000 ha a v a i l a b l e  f o r  i r r i g a t i o n  development. 
Two series of computer runs  were performed, one f o r  normal 
weather cond i t ions  and one f o r  drought  cond i t ions .  I n  each 
series, t h e  f i r s t  computer run was made assuming a l l  of t h e  
op t imal  amount of water demanded f o r  40,000 ha of i r r i g a t e d  land 
i s  a v a i l a b l e .  I t  should be noted t h a t  t h i s  opt imal  amount i s  
6 3 h ighe r  f o r  drought  cond i t ions  (159.26 x  10 m ) t han  f o r  normal 
6 3 
weather cond i t ions  (122.64 x  10 m ) .  Succeeding runs  w e r e  t hen  
made l i m i t i n g  t h e  a v a i l a b l e  water t o  l o % ,  20%, ..., 90% of t h e  
opt imal  amount. 
I t  i s  found t h a t  it i s  no t  economical t o  develop a l l  of 
t h e  40,000 ha of i r r i g a t e d  land when t h e  water demanded i s  not  
a v a i l a b l e ,  f i g u r e  (3 .9) .  A s  expected,  f o r  a  g iven  amount of 
water  a v a i l a b l e ,  t h e  opt imal  a r e a  of i r r i g a t e d  land i s  less i n  
t h e  c a s e  of drought c o n d i t i o n s  than i n  normal weather cond i t ions  
because t h e  c rop  water requirements  a r e  h igher  i n  a  drought .  
The corresponding c rop  d i s t r i b u t i o n s  a r e  shown i n  f i g u r e s  
(3.10) and (3.11 ) (which can be compared with  fiigures (3.3) and 
( 3 . 4 ) ,  r e s p e c t i v e l y ) .  The d i s t r i b u t i o n  f o r  normal weather con- 
d i t i o n s ,  f i g u r e  (3 .10) ,  i s  very  s i m i l a r  t o  t h a t  d i scussed  pre- 
v i o u s l y ,  f i g u r e  (3 .3) .  For drought cond i t ions ,  f i g u r e  (3.11) , 
t h e  s o l u t i o n  i s  i d e n t i c a l  t o  t h e  prev ious  c a s e ,  f i g u r e  (3.4) 
f o r  sun£ lo:vers, l a c e r n e ,  wheat, and maize s i l a g e ,  bu t  non- 
i r r i g a t e d  ba r l ey  assumes a  more important  r o l e  a s  a  s u b s t i t u t e  
f o r  maize g r a i n  i n  l i v e s t o c k  feed .  
The amount of a v a i l a b l e  water  and product ion c o s t  necessary  
t o  r each  s e l f - s u f f i c i e n c y  i n  t h e  complex can be found from t h e  
ba lance  of imports  and e x p o r t s  a s  i n  s e c t i o n  (3 .1 .3) .  F igure  
(3.12) shows t h a t  t h i s  product ion c o s t  is t h e  minimum a t t a i n a b l e  
f o r  t h e  range of water a v a i l a b i l i t y  considered.  
The demand curve  f o r  water  can  be developed us ing  t h e  same 
method desc r ibed  i n  s e c t i o n  (3.1.4) f o r  i r r i g a t e d  land .  A s  
shown i n  f i g u r e  (3.1 3)  , t h e  marginal  va lue  of water  i s  higher  
i n  drought  c o n d i t i o n s  t han  i n  normal weather c o n d i t i o n s ,  and 
f o r  both  weather c o n d i t i o n s  t h e  demand cu rves  l i e  above t h e  
3  u n i t  c o s t  of pumping water  (0.022 Lv/m ) s o  t h a t  it i s  always 
op t imal  t o  supply a l l  t h e  water  demand. 
3 .3  Input  Resources 
Besides land  and wate r ,  SWIM a l s o  de te rmines  t h e  r equ i r ed  
amounts of t h e  o t h e r  i n p u t  resources :  s eeds ,  f e r t i l i z e r s ,  f u e l ,  
l a b o r ,  and machinery. A s  can be seen from t h e  t a b u l a t e d  r e s u l t s  
i n  Appendix 1 ,  t h e s e  amounts do n o t  vary a  g r e a t  d e a l  i n  t h e  
va r ious  s o l u t i o n s  of SWIM, s o  on ly  average d a t a  a r e  g iven  i n  
t h i s  s e c t i o n .  
The d i s t r i b u t i o n  of water  r equ i r ed  over  t h e  i r r i g a t i o n  
season from A p r i l  t o  August i s  approximately a s  fo l lows:  
A p r i l ,  2 % ;  May, 8%; June,  20%; J u l y ,  30% and August 40%. 
The r equ i r ed  i n p u t  r e sou rces  when 40,000 ha of land a r e  
i r r i g a t e d  c o n s i s t  o f :  
- 2870 ha of land f o r  seed product ion ; 
- 24,000 t o n s  of ammonium su lpha te ;  30,000 t o n s  of 
superphosphate;  7,500 t o n s  of potassium s u l p h a t e ;  
- 7 m i l l i o n  l i t r e s  of f u e l ;  
- 240,000 hours  of l abo r  f o r  ope ra t ing  machines; 
- 120 t r a c t o r s ;  
- 75 combine harves te rs - ;  
- 35 s i l a g e  choppers;  
- 710 cen t r e -p ivo t  s p r i n k l e r s .  
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Figure 3.1 Water Demand vs. Area of irrigated Land 
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Figure 3.6 Total Costs vs. Area of Irrigated Land 
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Figure 3.9 Area of Irrigated Land vs. Available Water 
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4. CONCLUSIONS ' -  
The development of land and water for irrigation in the 
Drustar agricultural-industrial complex in 1980 is investigated 
for both normal weather and drought conditions. The major re- 
sults are: 
a) 33,000 ha of irrigated land and 135 million cubic 
metres per year of water are needed for the complex to be self- 
sufficient in drought conditions. At this level of development, 
100,000 tons of maize grain could be exported from the complex 
under normal weather conditions. 
b) The total costs of crop production are minimized at 
the point when the complex is just self-sufficient. 
c) The marginal values of land and water developed for 
irrigation are always greater than their unit costs of supply 
in the range of development considered. 
d) The optimal distribution of crops to be grown on both 
irrigated and nonirrigated land is determined for all cases in- 
vestigated. 
These results are preliminary and should only be inter- 
preted as being indicative of the kind of questions the model 
can answer. However, we consider that the data and structure 
of the model could be improved and extended through further 
discussion with Bulgarian experts to make the model sufficiently 
reliable for actual decision-making. Improvements in the data 
could include: 
- Crop yields without irrigation for various weather 
conditions. 
- The relation between crop yields and water applied by 
irrigation. 
- Costs and technology of crop production, especially for 
irrigation. 
Extensions to the structure of the model could involve: 
- Breaking down thecmphx on the basis of soil type into 
sub-regions which have different crop yields and water 
requirements. 
- Introducing the livestock of the complex into the model 
and considering different diets for them. 
- 
~aking account of other crops which could be grown in 
the ~omplex. 
- Adding the dynamics of change from year to year, such 
as crop rotations and grain storage. 
- Incorporating the facilities needed for water supply, 
such as dams, pumps, and channels. 
REFERENCES 
Carter, H., C. Csaki, A. Propoi,.PZann.ing Long Range 
Agricultural Investment Projects: A Dynamic Linzar 
Programming Approach, IIASA RM-77 -3 8, June 1 97 7. 
Donev, K., Razvitie na~~ioitelnite Sistemi i Povishavane 
na efectivnostta im (Development of Irrigation 
Systems and Increasing their Efficiency), 
published by Zemizdat, Sofia, 1972. 
Ministry of Information and Communications, 
Statisticheski godishnik (Statistical Yearbook) 
for Peoples Republic of Bulgaria, Sofia 1975. 
Propoi, A. , Dynamic Linear Programming Models for Live- 
stock Fams, IIASA RM-77-29, June 1977. 
Appendix 1 
TABLES OF COMPUTATIONAL RESULTS 
The fo l lowing  f o u r  t a b l e s  g i v e  t h e  d e t a i l e d  d a t a  produced 
by,SWIM computer p r i n t o u t s  f o r  each of t h e  s e r i e s  of computer 
runs  c a r r i e d  ou t :  vary ing  t h e  amount of i r r i g a t e d  land ,  and 
t h e  amount of water ,  both under normal weather c o n d i t i o n s  and 
drought cond i t i ons .  A g l o s s a r y  of t h e  terms used i n  t h e  p r i n t -  
o u t s  i s  included t o  a i d  i n  t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s .  
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Marginal value of i r r i g a t e d  land 
I r r i ga t ed  land f o r  growing lucerne  
Nonirrigated land f o r  growing lucerne 
I r r i ga t ed  land fo r  growing maize s i l age  
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Wheat export 
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T o t a l  i r r i g a t i o n  w a t e r  i n  June  
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